Abstract: In this work we investigate the single-and the double-spin asymmetries at the collisions of polarized protons pp → (γ * , Z 0 , Z ′ ) + X within the scope of QCD, the electroweak interaction and superstring E 6 theory. The helicity amplitude method is used. Analytical expressions for the single-and the double-spin asymmetries are obtained and their dependence on the transverse momentum of the lepton pair is investigated at the three different values of invariant masses of the lepton pair. The pure contribution coming from the superstring Z ′ boson on the single-and double-spin asymmetries has been extracted. The results obtained allow investigation of the spin structure of the proton.
Introduction
The production of lepton pairs in hadron collisions, the Drell-Yan process [1] , is one of the most powerful tools to probe the structure of hadrons. Its parton model interpretation is straightforward-the process is induced by the annihilation of a quark-antiquark pair into a virtual photon which subsequently decays into a lepton pair. The Drell-Yan process in proton-proton or proton-nucleus collisions therefore provides a direct probe of the antiquark densities in protons and nuclei. Since the appearance of the data obtained in the EMC experiment [1] , many studies have been devoted to the spin structure of the proton. In the lowest order of perturbative QCD, the spin of the proton can be represented as the sum of three terms; that is,
where S q and S g are, respectively, the quark and the gluon contribution to the proton spin and L z is the contribution of the orbital angular momentum of the quarks and gluons.
The experimental results reported in [2] [3] [4] suggest that the gluon spin and orbital interaction contribute significantly to the proton spin. Naturally, these experimental results require a theoretical explanation.
Gehrmann [5] calculated O(α s ) correction to the x F and y distributions of dileptons produced in collisions of longitudinally polarized hadrons. He also showed that measurement of the longitudinally polarized cross section for the Drell-Yan process would make it possible to investigate the distribution of polarized sea quarks in hadrons.
In [6] , the longitudinal-transverse spin asymmetries (A LT ) in Drell-Yan processes were calculated in the leading order for nucleon-nucleon collisions at RHIC and HERA energies. It was shown that A LT is much less than the respective transverse-transverse asymmetry A T T .
The Drell-Yan process at high transverse momenta of the dilepton was studied in [7] , where the effect of γ-Z 0 interference was also taken into consideration. Both single-spin and double-spin asymmetries were investigated there. It was shown that the double-spin asymmetry at small invariant masses of the lepton pair and the single-spin asymmetry at the Z 0 peak become significant. Also, as it was demonstrated in our work [8] single-spin and double-spin asymmetries in the pp → (γ * , Z 0 )+X processes induced by collisions of polarized hadrons are analyzed on the basis of QCD and the electroweak interaction. Here it is shown that the contribution of the Z 0 boson processes to polarized particles, in general, and to the single-spin parity-violating asymmetries in particular, is significant. The single-spin asymmetries become large, both in the CLW and in the GRSW models, as the dilepton invariant mass approaches the Z 0 -boson mass. Over the range of p T under study, the double-spin asymmetry is greater than the single-spin asymmetry for all values of the dilepton mass.
Collisions of polarized hadrons are among the processes of great importance for studying the spin structure of the proton and for calculating the distributions of polarized quarks in the proton.
In the present paper we continue to study single-spin and double-spin asymmetries in pp → (γ * , Z 0 , Z ′ ) + X processes induced by collisions of polarized hadrons. These are analyzed on the basis of QCD, the electroweak interaction and superstring E 6 theory. There is currently vigorous research on E 6 theory in elementary particle physics. In the low-energy limit, the E 6 group may be split up into subgroups of fifth or sixth rank [9] :
One additional neutral vector field Z η arises in group G 5 , which corresponds to U η (1) symmetry. In group G 6 , we have two additional neutral boson fields Z ψ and Z χ , which corresponds to U ψ (1) and U χ (1) symmetries respectively. A model having the gauge group
is now considered as the permissible low-energy limit in superstring theory. An additional Z ′ boson arises in this model,
in which θ E is the mixing angle ; θ E is arbitrary for a group, while θ E =142.24
• for G 5 . The following is the Lagrangian for the interaction of the fundamental fermions with the gauge bosons:
in which
and g
are chiral coupling constants for the fermion f with the gauge bosons i(i = γ, Z 0 , Z ′ ) which eigenvalues are equal:
Here X W = sin 2 Θ W is the Weinberg parameter, while Q f and I 3f are the generators of groups U ψ (1) and U χ (1), which correspond to the charge and the third projection of the isospin for fermion f :
The mass matrix for the Z 0 and Z ′ as usual is not diagonalized. This leads to
where Z 1 and Z 2 are gauge bosons with physical mass m Z 1 and m Z 2 , φ is the mixing angle, defined by
and m Z 0 is the mass of the Z 0 boson in SM. The expression for the Lagrangian interaction of the fermion with bosons Z 1 and Z 2 is obtained from (1)
where the currents J
µ have the common form (2), but couplings defined by
This process is performed in the reference frame comoving with the center of mass of the primary particles. In order to describe experiments that study the scattering of polarized particles, it is necessary to specify a helicity basis. Here, we use the method of helicity amplitudes. It should be noted that in [5, 6] the asymmetries were studied with allowance for the polarizations of primary particles. Here, we consider asymmetries taking into account the polarizations of all particles that participate in the reaction under study.
Calculation of asymmetry
We begin our analysis by introducing the subprocesses
The Feynman diagrams of these subprocesses are show in Fig. 1 . The matrix elements for subprocesses (3) with allowance for a virtual photon, Z 0 , and Z ′ bosons can be represented as
where
are the Gell-Mann matrices, g s is the strong-interaction coupling constant,
The helicity amplitudes are denoted by M(λ 1 , λ 2 ; λ 3 , λ 4 , λ 5 ) , where λ 1 and λ 2 are the helicities of the initial partons, λ 3 , λ 4 are the helicities of the two leptons, and λ 5 is the helicity of the final state parton:
The gluon helicities are defined as follows:
The Mandelstam invariant variables for the subprocess under consideration are defined asŝ
Let us consider the reference frame comoving with the center of mass of the primary particles, where the momenta of the primary hadrons are given by
p 5 is the momentum of the outgoing parton. The momenta of the two leptons and of the final state parton are taken to be [8] 
q sin α sin β, q ′ cos θ + E ′ cos α cos θ − q sin α cos β sin θ),
and q ′ =ŝ −q 2 2ŝ
.
We now proceed to computing the square of the matrix element taking into account all helicity states of the particles. 
,
(ii) The contribution of the diagrams in Figs. 1.c and 1.d is
The following abbreviation has been used:
For n Z = 1 one recovers the cross section of the MSSM [8] . In R5 1 and R5 2 models the number of neutral gauge bosons is n Z =2, in R6 models n Z =3. Note that all couplings are assumed to be real due to CP conservation.
The experimental lower bounds on the mass of the new E 6 gauge bosons are about 600 GeV [16] .
Integration over the final states in phase space can be simplified by employing the relation
The effective cross section for pp → l + l − + X processes can be represented in the form
where y is the rapidity of the lepton pair, p T is its transverse momentum, and G A (x 1 ) and G B (x 2 ) are the distributions of the partons in the proton. From expression (17) , it follows that, in the double-spin case, the effective correlation cross section has the form d∆σ dQ 2 dydp
whereas, in the single-spin case, we obtain
where Q 2 is the invariant mass of the lepton pair and m T is the transverse mass, which is given by m
In order to compute the single-and double-spin asymmettries, we introduce the quantities 
For this purpose, we also use the well-known expressions
(26)
Numerical results and discussion
In order to compute single-and the double-spin asymmetries numerically, we employ two functions that describe the distribution of polarized quarks which were proposed by Cheng et al. [12] (the CLW model) and by Gluck et al. [13] (the GRSV model). We use two sets of parameters for each function. For unpolarized quarks the distribution function was found by Martin et al. [14] . The dependences of the single-spin A L and the double-spin A LL asymmetries on the dilepton transverse momentum were evaluated at √ s = 500 GeV for various values of the lepton pair invariant mass: Q = 10 GeV, 60 GeV and Q = m Z 0 . The single-spin asymmetry in pp → l + l − + X processes as a function of the transverse momentum of the lepton pair is shown in Figs. 2-4 at √ s = 500 GeV for three values of the dilepton invariant mass. The single-spin asymmetry A L as a function of the dilepton transverse momentum p T is presented in Fig. 2 at a dilepton invariant mass of Q = 10 GeV and a rapidity of y = 0. As it is seen for the single-spin asymmetry A L , the result within the CLW model differs a little from that within the GRSV model. Also, as is seen from Figs. 2-4 the dependence of the single-spin asymmetry A L on the dilepton transverse momentum demonstrates the same behavior. The single-spin asymmetry increases monotonically with the dilepton transverse momentum. As the dilepton mass varies from Q = 10 GeV to Q = m Z 0 , the single-spin asymmetry can take either positive or negative values. At a dilepton invariant mass of Q = 10 GeV, the result for the single-spin asymmetry A L within the CLW model differs from that within the GRSV model and is equal to 2.4 percent. Also, at a dilepton invariant mass of Q = 60GeV and m Z 0 the single-spin asymmetries differ between the CLW and GRSV models by approximately 3 and 4 percent. It should be noted that, over the entire invariant-mass range under consideration, the single-spin asymmetries in the GRSV model are almost independent of the choice of the set of the partons' distribution amplitudes. The double-spin asymmetry in pp → l + l − + X processes as a function of the dilepton transverse momentum at a rapidity of y = 0 and an energy of √ s = 500 GeV is illustrated in Figs. 5-7 for three values of the dilepton invariant mass: Q = 10 GeV, 60 GeV, and m Z 0 . For all values of the dilepton invariant mass, the double-spin asymmetry is greater than the single-spin asymmetry for the p T values considered in these figures. As is seen from Figs. 5-7 the dependence of the double-spin asymmetry A LL on the dilepton transverse momentum demonstrates the same behavior. The Double-spin asymmetry monotonically decreases with increasing dilepton transverse momentum. At a dilepton invariant mass of Q = 10 GeV, 60 GeV,m Z 0 the double-spin asymmetry differs between the CLW and GRSV models by approximately 7; 5 and 4 percent, respectively.
Figs. 8-9 show the contribution of the Z ′ boson to the single-and the double-spin asymmetries as a function of the dilepton transverse momentum at a dilepton invariant mass Q = m Z 0 (single-spin asymmetry), 10 GeV (double-spin asymmetry).
In the present work we performed numerical analysis of single-and double-spin asymmetries for pp → (γ * , Z 0 , Z ′ ) + X processes using the method of helicity amplitudes. Asymmetries were explored in the domain of high momentum transfers at RHIC energies. We employed the distributions of polarized partons within the CLW [11] and the GRSV [12] models. Both sets (CLW and GRSV) were obtained in the second order of perturbation theory. The distribution of unpolarized partons was taken from [13] . In general, the distinction between the single-spin asymmetries A L for the two sets of partons in the CLW model is greater than that in the GRSV model. These asymmetries generally increase as the dilepton mass approaches the Z 0 -boson mass. The distinction between the two sets in the GRSV model is small. At a fixed value of p T , the double-spin asymmetries A LL are on the same order of magnitude at the three values of Q. At various values of p T , the difference between the asymmetries for the two sets of partons in the CLW model is greater than that in the GRSV model. The difference of the asymmetries for the two sets in the GRSV model is nearly constant. Note that these asymmetries are almost independent of Q.
The contribution of the Z 0 -boson processes to polarized particles, in general, and to the single-spin parity-violating asymmetries, in particular, is significant. The single-spin asymmetries become large, both in the CLW and in the GRSV models, as the dilepton invariant mass approaches the Z 0 -boson mass. Over the range of p T under study, the double-spin asymmetry is greater than the single-spin asymmetry for all values of the dilepton mass.
Analysis shows that with increasing mass of the superstring Z ′ boson the character of the dependence in the asymmetries on the transverse momentum of the lepton pair is not changed. Also, we compared this calculation with [8] . Analysis shows that at the values of dilepton invariant masses Q = 10 GeV, 60 GeV, m Z 0 the contribution coming from the Z ′ boson on the single-and the double-spin asymmetries is considerable. The contribution of the superstring Z ′ boson is evident in the interference term. Also, the pure contribution coming from the superstring Z ′ boson on the single-and the double-spin asymmetries has been extracted. It is shown that with the increase of the mass of this boson the single-and the double-spin asymmetries decreases. In general, we can show that single-and the double-spin asymmetries have the form:
where ∆A L(LL) consists of the interference term between the superstring Z ′ boson with the Z 0 and γ boson and the contribution coming from the superstring Z ′ boson, with lepton pair production from Z ′ boson. Our calculation shows that the contribution of ∆A L(LL) to the single-spin asymmetries at the values of the dilepton invariant mass Q = 10 GeV, 60 GeV, and m Z 0 is about 7.1 ÷ 10, 16.9 ÷ 19.9, 19.4 ÷ 23.3 and to the doublespin asymmetries is about 23.3 ÷ 28.8, 22.8 ÷ 26.8, 16.9 ÷ 20.9 percent depending on transverse momentum of the lepton pair respectively. Therefore, both the single-spin and the double-spin asymmetries are sensitive to the polarised gluon distribution and may be used as probes of the spin structure of the proton.
Conclusions
In this paper we have studied both the single-and the double-spin asymmetries of the transverse momentum lepton pairs at RHIC energies ( √ s = 500 GeV). At these high energies, Z 0 can contribute significantly to the Drell-Yan process, inducing a parityviolating single-spin asymmetry. This asymmetry may be measured in experiments where only one of the initial particles is polarized. Using these angular distributions, we have constructed single-and double-spin asymmetries, which we then studied numerically using four sets, in which both sets (CLW and GRSV) were obtained in the second order of perturbation theory. We find that the single-spin asymmetries are measurably large only at large dilepton masses, i.e.close to the Z 0 peak. The double-spin asymmetries are large even at smaller dilepton masses. Both the single-spin and double-spin asymmetries are sensitive to the polarized gluon distribution and may be used as probes of the spin structure of the proton. As shown in the Figures with increasing mass of the superstring Z ′ boson the character of dependence of the asymmetries on the tranverse momentum of the lepton pair is not changed. Analysis shows that at the values of dilepton invariant masses Q = 10 GeV, 60 GeV, and m Z 0 the contribution coming from Z ′ boson on the singleand the double-spin asymmetries is considerable. The contribution of the superstring Z ′ boson is evident in the interference term. Also, the pure contribution coming from the superstring Z ′ boson on the single-and double-spin asymmetries has been extracted. It is shown that with increasing mass of this boson the the single-and the double-spin asymmetries decrease. Our calculation shows that contribution of ∆A L(LL) to the singlespin asymmetries at the values of dilepton invariant masses Q = 10 GeV, 60 GeV, m Z 0 is about 7.1 ÷ 10, 16.9 ÷ 19.9, 19.4 ÷ 23.3 and to the double-spin asymmetries is about 23.3 ÷ 28.8, 22.8 ÷ 26.8, 16.9 ÷ 20.9 percent depending on the respective transverse momentum of the lepton pair.
Therefore, both the single-spin and the double-spin asymmetries are sensitive to the polarised gluon distribution and may be used as probes of the spin structure of the proton. 9 The dependence of the contribution of the Z ′ boson on the double -spin asymmetries ∆A LL as a function of the dilepton transverse momentum at √ s = 500 GeV, a dilepton invariant mass of Q = 10 GeV, and a rapidity of y = 0. Shown are the asymmetries obtained on the basis of the CLW model with set I (curve 1) and set II (curve 2) and on the GRSW model with set I (curve 3) and set II (curve 4).
